Inflammation during placental malaria (PM) is associated with low birth weight (LBW), 18 especially during first pregnancy, but the relative contribution of maternal or fetal factors 19 that mediate this effect remains unclear, and the role of IFN-γ has been controversial. We 20 examined the relationship of maternal and cord plasma levels of IFN-γ, TNF-α, IL-10, 21 ferritin and leptin to birth weight among Tanzanian women delivering in an area of high 22 malaria transmission. Placental levels of inflammatory cytokines including IFN-γ 23 increased significantly during PM of primigravid and multigravid women but not 24 secundigravid women. PM also increased maternal peripheral levels of all inflammatory 25 markers except IFN-γ, but had strikingly little effect on cord levels of these proteins. In 26 multivariate analysis, placental IFN-γ was negatively associated (P = 0.01) and cord 27 ferritin was positively associated (P < 0.0001) with birth weight in infected (PM+) first-28 time mothers. This relationship was absent in other mothers, consistent with the 29 epidemiology of PM and disease. Cord leptin had a strong positive relationship with birth 30 weight in offspring of PM-women (P = 0.02 to < 0.0001) but not PM+ women (all P = 31 NS) from the three gravidity groups. The results confirm that placental IFN-γ is related to 32 LBW due to PM during first pregnancies, and suggest that fetal ferritin plays a protective 33 role. Because fetal cells are a source of placental IFN-γ and cord ferritin, the fetal 34 response to PM may modify the risk of LBW.
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Results

134
Demographic characteristics of the study population 135
After excluding twins/triplets, cases of HIV infection and early neonatal deaths, 808 136 mother-infant pairs remained for analysis. Demographic characteristics of the cohort 137 stratified by PM and gravidity are shown in Table 1 . 103 study participants had PM at 138 delivery, while 5 had parasites detected in cord blood smears. Primigravid and 139 multigravid women with PM were significantly younger than their PM-counterparts. PM 140 was associated with lower birth weight in all gravidity groups (P = 0.05 in all groups), 141 but the smallest newborns were delivered by first-time mothers. Mean birth weight did 142 not vary significantly based on the mother's history of taking antimalarials as preventive 143 treatments during pregnancy (data not shown), possibly due to known high rates of drug-144 resistant parasites in the study area. According to Dubowitz score, gestational age did not 145 significantly differ between LBW newborns and other newborns (data not shown), 146 suggesting intrauterine growth retardation as the primary cause of LBW in this cohort. 147
Infected primigravid women had significantly higher parasitemia (median percentage of 148 red blood cells infected, 2.9%; P = 0.0002) compared to infected secundigravid (median, 149 0.6%) or multigravid women (median, 0.9%). 150 multigravidae (84.2% versus 48.9%, P = 0.003) but not secundigravidae (56.7% versus 157 54.8%, P > 0.999). Similarly, ferritin, a marker of inflammation as well as iron stores, 158 was significantly increased in placental blood of infected primigravid and multigravid but 159 not secundigravid women. The anti-inflammatory cytokine IL-10 was increased in 160 placentas of infected women in all gravidity categories. 161
162
Levels of TNF-α, IL-10 and ferritin were also increased in the maternal peripheral blood 163 of women with PM. Unlike the pattern seen in placental blood, these increases occurred 164 in secundigravid women as well as primigravid and multigravid women. Peripheral blood 165 IFN-γ levels did not significantly differ between PM+ and PM-women. 166
167
Placental leptin levels did not vary between PM+ and PM-samples, in any of the 168 gravidity groups. Peripheral leptin levels were significantly lower in PM+ versus PM-169 primigravid women but this was not observed in other gravidity groups. 170
171
In general, fetal levels of cytokines and other soluble factors were not altered during PM. 172 PM was related to a small but significant increase of cord blood IL-10 in secundigravid 173 women. PM did not significantly alter cord blood levels of TNF-α, IFN-γ, leptin or 174 ferritin in any of the gravidity groups. Levels of the inflammatory marker C-reactive 175 protein (CRP) were elevated (>8.2 µg/ml) in only 17/457 (3.1%) cord blood samples We performed multivariate regression analysis of the factors that were related to birth 210 weight in the univariate analyses (Table 3) . For multivariate analysis, we stratified by 211 gravidity and PM status, since these variables interacted with several plasma factors and 212 modified their relationship to birth weight. Because half of women had undetectable 213 placental IFN-γ levels (which therefore could not be normalized by transformation), we 214 analyzed the groups with detectable and undetectable IFN-γ levels separately. 215
216
Among PM+ primigravidae with detectable placental IFN-γ, cord blood ferritin was 217 strongly related to increased birth weight (β = 0.80, p < 0.0001) while placental IFN-γ 218 was related to decreased birth weight (β = -0.39, p < 0.01). These relationships were not 219 seen among other PM+ women (Table 3 ). In multivariate analysis that excluded IFN-γ 220 data but included all PM+ primigravidae, cord blood ferritin was still related to increased 221 birth weight (β = 0.41, p = 0.01) while placental TNF-α was related to decreased birth 222 weight (β = -0.50, p = 0.03). The effect of cord blood ferritin varied between groups. 223
When placental inflammatory cytokines were related to decreased birth weight (such as 224
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IFN-γ or TNF-α in PM+ primigravidae, or TNF-α in PM-secundigravidae without 225 detectable IFN-γ), ferritin had a positive effect on birth weight. Conversely, ferritin had 226 an inverse relationship with birth weight among PM-secundigravidae with detectable 227 IFN-γ, in whom none of the cytokines had an effect on outcome (Table 3 ) 228
229
Among PM-women, cord blood leptin levels were significantly associated with increased 230 birth weight in all gravidity groups. Leptin levels were not related to birth weight among 231 PM+ women. 232
Discussion: 233
Malaria-related LBW is a major public health problem in tropical countries and is 234 thought to kill tens or hundreds of thousands of infants each year. We report here a 235 controversial (12, 35) . Differences between studies may be related to the sensitivity of 246 various assays used to measure IFN-γ, or to biologic differences between study sites with 247 varying malaria transmission intensities. As observed in an earlier study (12) the effect of 248 PM to elicit inflammatory cytokines in the placenta was limited to primigravid and 249 multigravid women and was not observed in secundigravid women in this cohort. The 250 reasons that secundigravid women appear to be a distinct immunological group are 251 unknown, but we speculate that secundigravidae comprise a transitional immune state 252 between the full susceptibility of primigravidae and the significant immunity of 253 multigravidae,. This transitional state may involve distinct immune mediators in the 254 response to infection, reflected by the distinct cytokine profile of secundigravidae. 255
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Unlike the elevated levels measured in placental blood, IFN-γ was not elevated in 257 maternal peripheral blood during PM. This suggests that maternal or fetal cells in the 258 placenta may be the primary source of IFN-γ during PM. In an earlier study from 259
Cameroon, IFN-γ was produced by fetal villi but not maternal immune cells collected 260 from infected placentas (39). The placenta secretes numerous cytokines and 261 immunomodulatory molecules in addition to IFN-γ, and these could play an important 262 role in maternal and fetal outcomes. For example, a recent study from Tanzania found 263 that fetal trophoblast cells express soluble vascular endothelial growth receptor 1 during 264 PM, possibly as a strategy to modulate the maternal inflammatory response (24). 265
266
Our finding that PM did not substantially alter cytokines in fetal blood highlights the 267 ability of the placental barrier to shield the fetus from inflammation. Pro-inflammatory 268 cytokines like IL 1β, TNF-α and IL 6 do not cross the placenta (1) which explains in part 269 the unperturbed environment of the fetus. However, in utero sensitization to malaria 270 antigens is not uncommon (9, 17, 25, 42) , indicating that the fetus is exposed to parasites 271 or parasite antigens. The lack of fetal inflammation may suggest that fetal exposure to 272 viable parasites is absent or limited, or else that the fetus may actively suppress 273 inflammation for example by increasing regulatory T cell numbers during PM (6). 274
275
In multivariate analysis of all the factors measured in the current study, only IFN-γ 276 remained significantly associated with decreased birth weight, a relationship observed in 277
Muheza, where LBW due to PM is mainly a problem of first time mothers, this 279 primigravid-specific association is consistent with the epidemiology of poor outcomes. 280
The relationship between inflammation and LBW was also restricted to first time mothers 281 in a high transmission area of Kenya (12) . 282 283 This is the first study to suggest that fetal ferritin levels may play a protective role on 284 intrauterine growth during PM episodes. In a previous study from Malawi, increased cord 285 blood ferritin levels were associated with lower birthweight during PM (2), but that study 286 had important differences that may explain the discordant findings. The Malawi study 287 involved a small cohort of 32 PM+ mother-newborn pairs, and the analyses in that study 288
were not stratified by parity. In unstratified analysis of our Tanzanian data, we did not 289 observe a relationship between cord blood ferritin and birth weight. 290
291
In the US, iron supplementation of pregnant women has been shown to increase birth 292 weight without an effect on maternal hemoglobin or maternal iron stores (7), suggesting 293 that increased iron transferred to the fetus may have direct benefits on weight. Cord blood 294 ferritin may reflect a similar process in our cohort, either indicating increased maternal-295 fetal transfer or increased fetal iron stores with attendant benefits on birth weight. 296
However, ferritin levels were related to improved outcomes only in those groups where 297 placental IFN-γ or TNF-α had a negative effect on birth weight, suggesting that ferritin 298 may specifically counteract the deleterious effects of placental inflammation. 299 ferritin levels increase during inflammation and decrease during iron deficiency. In this 302 cohort, cord levels of ferritin and the inflammatory marker CRP were not related, 303
suggesting that changes in ferritin levels were not due to systemic inflammation of the 304 fetus. Ferritin is also actively expressed by placenta. Immunolocalization studies suggest 305 that ferritin production is abundant in the placental stroma, but is also detectable in the 306 endothelium of fetal vessels within the placenta (4). The abundance and localization of 307 ferritin in placental tissue during PM have not been studied previously, but are of interest 308 because of the association of cord ferritin levels to increased birth weight in this study. 309
310
Cord blood leptin was positively associated with BW in PM-but not PM+ mothers. 311
During pregnancy, the human placenta (44) and other fetal tissues including adipose, 312 heart and liver (15) produce leptin. Cord blood leptin levels correlate with fetal size (21, 313 28), and both placental and fetal leptin levels are decreased in pregnancies complicated 314 by fetal growth retardation (19, 43). However, PM appears to disrupt the relationship 315 between cord leptin and birth weight. This may indicate that leptin plays additional roles 316 during PM and warrants further study. 317
318
In summary, PM increases inflammatory cytokine levels in placental and maternal 319 peripheral blood but not in fetal blood. Second-time mothers are distinct because their 320 placental levels of inflammatory cytokines do not increase during PM. Inflammatory 321 cytokines in the placenta are associated with poor outcomes during PM, and this 322 relationship is limited to first pregnancies, consistent with the epidemiology of PM and 323 disease. In first-time mothers, placental IFN-γ is associated with decreased birth weight, 324
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while cord ferritin is associated with increased birth weight, suggesting that fetal 325 responses to infection may play a key role in the pathogenesis of malaria-related LBW. 326
Future studies should localize and quantify IFN-γ and ferritin expression by cell subsets 327 in the placenta, and relate these measurements to outcomes including birth weight during 328 responses to Plasmodium falciparum merozoite surface protein-1 in the human fetus. The box plot includes the median horizontal line and interquartile range (box), whereas 496 the whiskers represent the 10-90th percentiles. The differences between two groups were 497 analyzed by the Mann-Whitney U test. Associated P values are shown. 498 C.
